We present an analysis of a global, field-free data set of the methylene radical CH 2 in its X 3 B 1 vibronic ground state by means of a novel Euler expansion of the Hamiltonian. The data set comprises pure rotational transitions up to 2 THz obtained with microwave accuracies of 30-500 kHz as well as 2 ground-state combination differences and pure rotational data obtained with infrared accuracies of 0.001-0.010 cm −1 . Highly accurate spectroscopic parameters have been determined. These include rotational, spin-spin, spin-rotation, and electron-spin-nuclear-spin coupling terms along with several centrifugal distortion corrections. The spectroscopic model has been tested and improved by recording newly three weak ⌬N ⌬J fine-structure components of the N K a K c =2 12 −3 03 and 5 05 −4 14 transitions near 434, 454, and 581 GHz. These lines were rather close to the predictions. Overall weighted root mean squares of 1.28 and 0.83 were achieved for fits in which the Euler expansion was used only for the rotational part of the Hamiltonian or for the rotational and spin-spin terms of the Hamiltonian, respectively. The resulting spectroscopic parameters allow for precise frequency predictions of astrophysically important rotational transitions of methylene.
I. INTRODUCTION
Methylene is a molecule of great astrophysical and spectroscopic importance. There have been several investigations regarding its rotational and vibrational spectra, both experimental and theoretical, as well as reports on successful and unsuccessful searches for this molecule in the interstellar medium.
Methylene is very abundant in both dense and diffuse interstellar molecular clouds, and it is presumed to be produced quite early in the sequence of ion-molecule reactions. [1] [2] [3] This qualifies CH 2 particularly for acting as a test molecule for chemical models describing reaction pathways in the interstellar medium ͑ISM͒. The methylene radical has already been detected in the dense ISM towards the two hot cores Orion KL and W49N ͑Ref. 4͒ in 1995. The rotational transitions detected, N K a K c =4 04 −3 13 at 68-71 GHz, however, connect two energetically relatively highlying levels, with an excitation temperature higher than 200 K. Transitions connecting energetically lower-lying energy levels, suited to probe the colder interstellar medium, fall in the far-infrared or terahertz frequency region and are not easily observable with ground-based telescopes due to the high atmospheric opacity at these frequencies. Only very recently it was possible to detect cold interstellar methylene by means of identifying its far-infrared purely rotational spectrum in the infrared space observatory long-wavelength spectrometer 5 ͑ISO-LWS͒ database in molecular clouds in the line of sight towards the galactic center source Sagittarius B2. 6 This search was triggered by the results of the global analysis of ground-state methylene data presented in this paper.
The methylene radical is also spectroscopically challenging both from experimental and theoretical points of view. Caused by its extreme lightness and the b-type asymmetric rotor selection rules, most of its rotational transitions are in the terahertz or far-infrared frequency region, where only in the recent years high-resolution broadband-scanning systems were established. Furthermore, the very short-lived methylene radical has to be produced in situ in sufficient amounts for spectroscopic investigations. These technical difficulties are reflected in the rather sparse experimental data set on this molecule, as will be outlined in detail in Sec. II.
On the other hand, CH 2 is an exceedingly nonrigid molecule, with a barrier to linearity of less than 2000 cm −1 ͑or 25 kJ mol −1 ͒. 7 Different authors attempted to fit their experimental data to an effective Hamiltonian in the standard Watson-type A reduction, including fine and hyperfine interaction terms. [8] [9] [10] [11] However, as will be shown in Sec. III A, this power expansion of the Hamiltonian does not converge even for moderate values of K a due to the large centrifugal distortion terms present in CH 2 . In order to overcome this handicap, Bunker and co-workers introduced a variational approach instead of the standard perturbation method for calculating rovibrational energy levels of the methylene radical. They made use of both their nonrigid bender Hamiltonian 7, 12, 13 and the Morse oscillator-rigid bender internal dynamics 14 spin-spin and spin-rotation interaction terms were introduced to the MORBID Hamiltonian. 15 It was and is still, however, not possible to include hyperfine interaction terms to the analysis.
The Euler expansion of the Hamiltonian has been employed on a global data set in order to account for the recently published high-resolution terahertz data on 3 B 1 methylene by our group, 11, 16 which resolves the fine and hyperfine structures of two ortho-CH 2 and the fine structure of one para-CH 2 rotational transition. The Euler approach has been introduced by Pickett et al. for the analysis of the water molecule only fairly recently. 17 This approach is similar to the use of a Padé approximant for the effective Hamiltonian in a sense that the rotational terms are not written as a power series in the angular momentum operators. The transformation procedure is outlined in Sec. III A. For the first time, we use an Euler expansion of the spin-spin interaction terms in addition to that of the purely rotational terms in the present investigation. The results of this analysis are summarized in Sec. IV and discussed in Sec. V.
II. THE DATA SET USED IN THE ANALYSIS

A. Previous work
The first spectroscopic identification of the methylene free-radical CH 2 was done by Herzberg and Shoosmith 18 in 1959 by its electronic 3 B 1 − 1 A 2 transition in the UV. Although the geometrical structure of the molecule could not be determined at this point, in 1971 a more detailed analysis of the data together with theoretical considerations finally led to the assignment of the electronic ground state as one of 3 B 1 symmetries and having a bent, symmetric structure. 19 The most recent structure analysis 20 yields a HCH equilibrium bond angle of 133.9308͑21͒°.
The investigation of the rotation and rotation-vibration spectra of methylene begun in 1981 with the observation of three transitions of the 2 band with the laser magnetic resonance ͑LMR͒ technique by Sears et al. 21 Soon thereafter, the same authors reported additionally 10 rovibrational transitions in the infrared 22 and also 13 pure rotational FIR transitions in the vibronic ground state 8 employing the same method. Although these latter measurements were not field free, the transition frequencies obtained were reported to have an uncertainty of only 5 MHz and the frequency predictions for other pure rotational transitions could be significantly refined. As a consequence, Lovas et al. were able to measure the N K a K c =4 04 ← 3 13 rotational transition at around 70 GHz with a Stark-modulated microwave spectrometer to high precision. 23 Soon thereafter, Marshall and McKellar ͑MM in the following͒ reported field-free tunable diode laser absorption data of the 2 bending fundamental band of CH 2 ͑Ref. 9͒ and Sears was able to measure five pure rotational transitions in the ground vibronic state at infrared frequencies involving K a =4← 3 and NЉ =4-6. 24 During the same time, Bunker and Langhoff, 25 computed
an ab initio dipole moment surface for X 3 B 1 CH 2 . With the most recent structural information, a dipole moment b = 0.57 D was obtained and used in the intensity predictions for methylene lines.
With the advent of high-power, high-resolution submillimeter-wavelength and terahertz radiation sources, the investigation of the widespread rotational spectrum of methylene was feasible. In 1995, Ozeki and Saito measured the three strongest ͑⌬J = ⌬N͒ fine-structure components of the N K a K c =2 12 
B. New measurements and experimental setup
We report here the measurement of three ⌬N ⌬J finestructure components, two of the N K a K c =2 12 ← 3 03 and one of the 5 05 ← 4 14 rotational transition, employing the Cologne Terahertz Spectrometer. The experimental setup is identical to that described in detail in Ref. 11 . In brief, phasestabilized backward wave oscillators are used as radiation sources, generating monochromatic light with considerable high output power of up to several 10 mW. These sources can be tuned electronically to record rotational spectra. Methylene has been produced by processing diketene through quartz wool with a flash vacuum pyrolysis at a temperature of 650°C over a length of 15 cm. The ketene ͑CH 2 CO͒ produced thereby is then discharged continually inside the absorption cell to form CH 2 and CO. The whole active region has been cooled down to ϳ170 K to increase population of the lower-lying energy levels. A Zeeman modulation was employed for the recording of the spectra, making use of the permanent magnetic moment of CH 2 .
The newly recorded lines have line strengths factors of 5-20 weaker than the ⌬J = ⌬N components measured by Ozeki and Saito. 10 We also remeasured these latter lines and used the transition frequencies obtained in the present analysis since we believe to have a considerably improved signalto-noise ratio.
A calculated stick spectrum of the N K a K c =2 12 ← 3 03 transition together with measured spectra of the five finestructure components is shown in Fig. 1 . It has to be noted that the observed intensity and line shape of a spectrum recorded in Zeeman modulation mode depend strongly on the magnetic g factors of the participating energy levels, which may vary considerably for the different fine-structure components. For lines with large differences in g for the lower and upper energy levels, the line will be considerably broadened in the presence of a magnetic field, so that the recording of the difference signal with magnetic field on and off will not yield a line shape similar to the second derivative of a Gaussian line profile but rather like a total power spectrum, as can be observed for both ⌬J = 0 components in Fig. 1 . On the other hand, levels with J = N tend to become unmagnetic, i.e., g Ӷ 1, and are more difficult to observe by Zeeman modulation. For this reason, it was not possible to observe the N K a K c ͑J͒ =5 05 ͑5͒ ← 4 14 ͑5͒ component, although it has a slightly higher nominal line strength than the observed 5 05 ͑4͒ ← 4 14 ͑4͒ component.
A summary of all the available data can be found in Table I . It has to be emphasized that the data set is very heterogeneous with respect to the accuracy achieved and, more importantly, that the high-resolution data on methylene is very sparse. In the latter case, only transitions involving K a =1← 0 are measured. In fact, K a = 4 is the highest quantum number on which information is contained in the data set. There is no information on K a =3−2 transitions, since these cannot be obtained from the available ground-state combination difference ͑GSCD͒ data.
A line list of all the lines used in the analysis together with the estimated experimental uncertainties and the deviation from the fitted line positions is given in Table II .
III. ANALYSIS
In the standard model used for the calculation and analysis of asymmetric rotor rotational energy levels, deviations from the rigid-rotor model are handled as small perturbation terms in the Hamiltonian. The effective Hamiltonian is expressed as a power series in the angular momentum operators. In the case of methylene, however, centrifugal distortion terms are very large due to its floppiness. The standard Watson A-or S-reduced Hamiltonian is, therefore, beyond its limits, or, mathematically expressed, the power series does not converge for experimentally accessed high values of the angular momentum quantum numbers, as will be quantified in the following paragraphs.
The convergence behavior of a power series can be expressed by using d'Alembert's criterion. If we look, for example, only at the first three purely K a -dependent diagonal terms in the rotational energy expression, we can estimate the convergence radius with respect to the K a quantum number: These lines were not used in the global analysis.
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The convergence radius in K a for CH 2 is 5 or even only 4 from the two lowest-order root criteria. This means, strictly speaking, that this Hamiltonian is not appropriate to describe energy levels with a value of K a Ͼ 3 in the case of CH 2 .
The ͑non͒convergence of the Hamiltonian can be visualized if one plots the purely K a -dependent terms of the power series versus K a , as has been done in Fig. 2 using the parameter set obtained in Ref. 9 .
The higher-order contributions to the Hamiltonian increase dramatically in size with increasing K a . Furthermore, the parameters have an alternating sign, and the higher-order terms have the same absolute value as the first-order term already for K a = 4. The total energy E, defined here as the sum of all purely K a -dependent terms up to octic order, is slightly lower for K a = 5 compared with K a = 4 and actually turns to negative values for K a = 6, clearly demonstrating the breakdown of the Watson model. If we define the transformation in the following way ͑e.g., in the I r representation͒:
A. Euler approach
where a and b are transformation parameters appropriately choosen, we can expand the purely rotational Hamiltonian in analogy to the standard A reduction as
in the following called Euler expansion of the Hamiltonian. Here X P,Q and Y P,Q are the new diagonal and off-diagonal spectroscopic parameters determinable by the fitting procedure. The transformation constants a and b can vary for the diagonal and off-diagonal parts of the expansion. A conversion to the more commonly used parameters of the A reduction is possible in general and has been discussed in Ref. 17 .
B. Fine and hyperfine structures
The methylene radical CH 2 possesses a X 3 B 1 electronic ground state with a total electron spin S = 1 because of its two unpaired electrons with s =1/2. The spin couples to the rotational angular momentum N via the weak magnetic field generated by the rotation of the molecule, to give the resultant angular momentum J = N + S. This coupling is formally known as Hund's case ͑b͒ and yields a fine-structure splitting of each rotational level into a triplet with J = N −1,N , N +1. Even though N is not a good quantum number anymore in a strict sense, it has a well-defined meaning for most N in Hund's case ͑b͒. Therefore, it will be used to designate the rotational energy levels throughout this study. Furthermore, the nuclear spin I H = I 1 + I 2 ͑I 1 = I 2 =1/2͒ resulting from the two H atoms has to be considered. Since they are equivalent, it is most appropriate to employ a coupling scheme, where in a first step the nuclear spins are coupled to give a resultant I H of either 1 or 0. This total nuclear spin then couples to J to form the resultant angular momentum F = I H + J. It is obvious that in the case of para-CH 2 with I H = 0, the coupling vanishes and J stays a good quantum number. For ortho-CH 2 with I H = 1 each fine-structure level will split further into a hyperfine triplet with quantum numbers F = J −1,J , J +1. The analysis follows the work by Sears et al. 8 and references therein. The fine-structure interaction consists of spin-spin and spin-rotation interaction terms,
where ͑in I r representation͒
where the subscripts ␣ and ␤ and a, b, and c both refer to the molecule-fixed axes. Centrifugal distortion terms depending on the rotational angular momentum operator N and its projection along the a axis, N a , can be included for the spin-spin interaction term:
For the spin-rotation interaction, one can also include centrifugal distortion terms. This has been worked out for an asymmetric rotor molecule in both the S and A reductions by Brown and Sears. 26 For the A reduction they obtain
The largest contributions to the hyperfine interaction are caused by magnetic interaction between the electron spin S, S = 1, and the nuclear spin I H . Hyperfine structure is only present in the case of ortho-CH 2 with the hydrogen nuclear spins coupled to give I H =1.
The first term takes account of the isotropic Fermi contact interaction, and the second term represents the dipole-dipole interaction of the protons with the unpaired electron spins. This coupling is mediated via the second-rank traceless tensor T. In general, only the two independent diagonal elements, for example, T aa and T bb , are determined in the fit.
The off-diagonal T ab element causes a mixing of ortho and para states, but can only be determined by its effect on accidentally near degenerate states with ⌬N ഛ 2, ⌬K a = 1, and ⌬K c =0,2,..., which are not likely to be found for light dihydrides. Effective centrifugal distortion terms of the form
can be defined. Nuclear-spin-rotation and nuclear-spin-spin interaction terms are usually some orders of magnitude smaller and were not needed in the present analysis. Not only the rotational parameters can be expanded in an Euler series. During the analysis of the methylene data the expansion of the spin-spin interaction terms has shown a major effect on the quality of the fit. The appropriate Hamiltonian is expressed as
where the parameters a ␣,␤ and b ␣,␤ of the transformation to N ‫ء2‬ and N a ‫ء2‬ may vary.
IV. RESULTS
The Euler expansion of the rotational parameters is very sensitive to the values of the scaling parameters a and b, as well as a off and b off , and, in particular, in the case of a restricted experimental data set, to the choice of the set of initial rotational parameters. These should be close enough to the real parameters to avoid convergence of the fit towards a local instead of a global minimum. The calculated pure rotational energy levels up to N = K a = 6 from Bunker et al. 13 were analyzed in a first step by adding successively energy levels with higher quantum numbers to the fit to find such a reasonable initial parameter set. Fine and hyperfine interactions were neglected at this stage. Care was taken to achieve both a low wrms value and to keep most of the Euler parameters positive. Next, the initial parameter set was used to analyze the GSCD ͑MM͒ Ref. 9 and field-free IR data. 24 Fine-and hyperfine-structure terms were fixed to values given in MM. Then, the microwave para-transitions were successively included and the fine-structure parameters could be determined in the fit. As a last step, the ortho-transitions were added and all presently determined rotational, fine-and hyperfine-structure parameters could be obtained. The results of the Euler analyses of the data are shown in Table III .
Fit I was achieved by expanding the rotational parameters only. The wrms of 1.28 indicates a fairly good agreement of calculated to experimental transition frequencies and all of the 14 rotational parameters needed are significantly determined. For comparison, in a standard analysis of the data with a Watson-type Hamiltonian, even the high number of 16 rotational parameters does not allow for a wrms of better than ϳ1.6, owing to the nonconvergence of this model. The fourth-order term in K a , X 4,0 , could not be determined by the fit, but was kept at a fixed value deduced from the analysis of the calculated transition frequencies by Bunker et al..
13
V. DISCUSSION
An inverse transformation of the Euler parameters X P,Q to the more commonly used Watson parameters is only meaningful if the complete, i.e., infinite parameter set of the expansion is known. However, to be able to compare our results with previous work, we state in Table IV the converted rotational parameters for the lower-order coefficients together with the results from the analysis given in MM. 9 Deviations between the two parameter sets are expected for several reasons: ͑i͒ the data sets are different, the analysis of MM included mostly infrared and LMR data and only one high-resolution microwave transition, ͑ii͒ an extensive parameter set was used in MM, so that several parameters are badly determined and strong correlations are likely to occur, and ͑iii͒ the truncation of both the Euler series and the Watson series introduces errors when applying the inverse transformation. Still, the parameters are of the same order of magnitude, with generally higher values for the converted set. It has to be noted that these parameters should not be used as a basis for transition frequency predictions for reasons outlined earlier.
A comparison of the fine-and hyperfine-structure parameters to those obtained by Sears et al. from the LMR measurements 8 shows a reasonable agreement. The strong deviation in the case of ⑀ aa may be due in part to the inclusion of a K a -dependent centrifugal distortion term ∆ NK S in our analysis. It was also found that changes in the input data and in the spectroscopic parameters included in the fit had profound effects on the value of ⑀ aa . Apparently, the inclusion of the newly recorded transition frequencies with ⌬J ⌬N decorrelated ⑀ aa from the remaining parameters. Still, the values of ⑀ aa do not deviate by more than 3. The accuracy of the parameters could be improved by an order of magnitude.
A further improvement of the fit could be achieved by additionally applying an Euler transformation to the spinspin interaction terms in the Hamiltonian. The results of this analysis are stated as fit II in Table III , together with the a and b parameters. While the purely rotational parameters deviate less than their standard error, the spin-rotation and hy- perfine parameters do agree within two times their standard deviation. No accordance is expected for the spin-spin parameters. The wrms value could be improved significantly to a value well below 1. A compilation of wrms values for each data set is given in Table I , indicating that fit II accounts far better for the high-resolution and hyperfine-resolved data than fit I. Therefore, fit II is the preferred one. The high value of a ␤ and ␤ 0,1 suggests that this is due to a strong correlation of K a -dependent terms with the off-diagonal spin-spin terms.
A K a -dependent centrifugal correction to ␤ does also improve fit I significantly, but although this parameter ͑␤ SK ͒ can actually be determined in the fit, there seems to be too little information on it in the data set to determine it reliably.
The inclusion of K a -dependent centrifugal distortion terms to the effective spin-spin Hamiltonian has been discussed in detail by Kozin and Jensen. 15 They found a nearly linear rather than quadratic dependence of ␣ eff and ␤ eff with K a based on variational calculations with their MORBID computer program ͓compare to Eq. ͑8͔͒. In fact, the Euler series expansion seems to account for this behavior far better than the usual power series in N 2 and N a 2 . As for the predictive capabilities of the two fits, the predicted transition frequencies do not deviate by more than 7 between fits I and II. In general, transition frequency predictions based on this analysis should be accurate to around three to ten times the predicted uncertainties within the quantum number range of the input data and fairly reliable for predictions slightly beyond this range. Specifically, many K a =1−0 transition frequencies have been determined with microwave accuracy ͑20-500 kHz͒. Additional K a =0−0 and 1 − 0 GSCD data should ensure K a =1−0 transitions to be predicted reliably up to about N = 8 or 9. The K a =2−0 and 2 − 2 GSCD data together with the data mentioned previously should secure reliable K a =2−1 transitions up to N = 6 or 7. Since there are no field-free K a =3−2 or K a =3 − 1 data available at present it is not sure how trustworthy the predictions are for K a =3−2 transitions. The K a =4−3 rotational transitions observed by Fourier-transform infrared ͑FTIR͒ spectroscopy should permit reliable predictions up to N = 7. Since the data set is still rather small at present it is difficult to judge the quality of the K a =5−4 rotational transitions. However, we expect the transitions to be far more reliable than those obtained from a Watson analysis, as is readily seen from a comparison between predicted energy levels with K a = N based upon both models and published ab initio predictions from Bunker et al. 13 shown in Fig. 3 .
VI. CONCLUSION
The rotational spectrum of the methylene radical CH 2 has been analyzed with a Hamiltonian that takes into account the rotational, fine-structure, and hyperfine-structure splittings which not only reproduce the available ͑field-free͒ input data within the experimental uncertainties but also should permit fairly reliable predictions within the quantum number range of the input data and semiquantitatively correct predictions slightly beyond this range. Reliably predicted means that the transitions should be found within three to ten times the predicted uncertainties. In particular, rotational transitions with K a =1−0, on which highly accurate experimental data are contained in the analysis, can now be predicted reliably up to about N = 8 or 9. These energetically low-lying transitions are of particular importance for the observation of CH 2 in the interstellar medium. Furthermore, the present analysis yields fairly reliable predictions involving higher K a levels, which in turn allow for a systematic laboratory search of these lines. Frequency predictions of the pure rotational spectrum of CH 2 in its vibronic ground state will be made available online in the Cologne database for molecular spectroscopy ͑CDMS͒ at www.cdms.de. 27, 28 
